Abstract. The effect of 2 tillage practices (zero v. conventional), fertiliser application (nitrogen, phosphorus and zinc), and pulse-cereal rotation on changes in soil mineral nitrogen, plant-available water in the soil, grain yield and protein, and key soil fertility parameters (total nitrogen, organic carbon) in the Central Highlands of Queensland were examined between 1991 and 1998. Four pasture treatments (perennial legume, perennial grass, annual legume and legume-grass mixes) were included in January 1995, following previously unsuccessful attempts to grow lucerne and annual medics. The experiment was conducted as an opportunity cropping system on an open downs soil at Gindie that is representative of a large proportion (70%) of soils in the Central Highlands. Tillage practice did not affect the amount of mineral nitrate or the plant-available water content of the soil at planting, except in 1991 and 1998 when plant-available water content was higher under conventional tillage than zero tillage. However, zero tillage improved grain yield in 2 of 4 years (wheat in 1992; sorghum in 1996), increased uptake of nitrogen in every crop and produced greater grain protein levels in both wheat crops grown than conventional tillage. There were grain responses to nitrogen + phosphorus fertilisers (wheat in 1991 and sorghum in 1997). Grain protein was increased with applications of nitrogen regardless of whether phosphorus was added in 3 of the 4 crops planted. Sowing a pulse did not significantly increase grain yields in the following crop although it did increase soil mineral nitrogen at planting. Soil nitrate remained low in control (P 0 N 0 ) plots (<39 kg N/ha) when crops were planted each year but increased significantly (average 84 kg N/ha) following a long fallow of 3.5 years resulting from drought. Plant-available water content of the soil at sowing was lower where chickpeas had been grown the previous season than with wheat.
Introduction
The area cropped in the Central Highlands of Queensland, which is exclusively confined to cracking clay soils, expanded from 250000 to over 500000 ha between 1982 between and 1986 between (Carroll et al. 1997 . However, sustainable and profitable grain production in the region faces the following 3 major threats: erosion resulting from high intensity rainfall, declining soil fertility and variable rainfall.
The development of zero tillage (ZT) and stubble retention (or conservation cropping) practices can greatly reduce soil erosion on these cracking clay soils (Freebairn and Wockner 1986; Carroll et al. 1997) . Conservation cropping systems have 2 major benefits besides reducing soil erosion. First, they increase the number of sowing opportunities and facilitate the use of opportunity cropping systems, whereby crops are planted when the opportunity arises, in contrast to the traditional fixed rotation systems of southern Australia (Carroll et al. 1997) . Second, reduced runoff can be accompanied by increased infiltration of soil water, thereby leading to greater crop yield potential (Thomas et al. 1990a) . However, increases in cropping frequency and yields resulting from increased sowing opportunities and improved soil water reserves will also produce greater demands on soil nutrient reserves.
Soil fertility levels are already low throughout the northern grain belt (Dalal and Mayer 1986) , and in central Queensland in particular, as indicated by declining grain yields and protein levels (Garside et al. 1992) . However, the potential for greater crop yields resulting from increased soil water availability in conservation cropping systems will not be achieved unless soil fertility is adequate to meet the demands of the crop. The profitability of applying nitrogen (N) fertilisers to increase both grain yields and protein of wheat has been firmly established in southern Queensland (Strong et al. 1996) , and to a lesser extent in the Dawson Callide region (Lawrence et al. 1994) . However, little information is available for the Central Highlands region of Queensland where soils are shallower and rainfall more variable.
This paper reports a study of 2 tillage systems, fertilisers and legumes (both pulse and pasture) to improve both grain yield and quality and soil fertility in the Central Highlands region of Queensland. It was expected that a better understanding of how tillage practice, soil fertility and soil water interact to affect grain production would lead to the development of farming systems that are both profitable and sustainable.
Methods
An experiment was conducted from 1991 to 1998 on Ian Gardner's 'Enderly' property at Gindie. Enderly is located about 35 km south-east of Emerald, Queensland (23°29′S, 148°09′E, alt. 190 m) . The experimental site had a shallow (50-88 cm) dark cracking clay soil overlying basalt (Vertosol, black, self mulching; Isbell 1996) . This soil type is representative of 70% of soils used for cropping in the Central Highlands region of Queensland. The area was originally open grassland of bluegrass (Dichanthium sericeum), black speargrass (Heteropogon contortus) and wire grass (Aristida sp.), with scattered mountain coolibah (Eucalyptus orgadophila), bloodwood (Eucalyptus sp.) and wattles (Acacia sp.). The site had been continuously cropped for more than 40 years and had grown wheat in 1990, before the commencement of the trial.
The experiment was initially designed as a fixed winter cropping rotation but changed to opportunity cropping in line with regional practice in mid-1993. Rainfall during the project ranged from the long-term average (590 mm) to below average for Emerald, which is the nearest long-term weather station (30 km) (Fig. 1) .
Trial design
The trial consisted of 3 replicates of 20 plots (26 by 7.6 m) in a randomised block design. Treatments comprised a nested factorial of 2 tillage practices, zero (ZT) and conventional (CT) tillage, by 9 fertiliser-crop rotation treatments with 2 additional pasture treatments. The 9 fertiliser-crop rotation treatments consisted of 7 nitrogen-phosphorus (plus basal zinc) fertiliser regimes applied to cereal and 2 pulse-cereal rotations. The fertiliser treatments were P 0 N 0 (control), P 12 N 0 , P 12 N 25 , P 12 N 50 , P 12 N 75 , P 0 N 50 and P 12 N 50 -Zn (subsequently referred to as -Zn) where the subscript represents the amount of element applied (kg/ha) at sowing of each crop on a kg/ha basis. A basal nutrient application of P (12 kg/ha applied with seed as triple phosphate) and Zn (2 kg Zn/ha applied with seed as ZnSO 4 .H 2 O) were added at sowing to all crop treatments (cereals and pulse). The exceptions were no N was applied to the control, the P 12 N 0 treatment or the pulses. No Zn was applied to the control or the P 12 N 50 (-Zn) treatment. Where appropriate, N was applied as ammonium nitrate to each crop sown by dropping the fertiliser in front of the planting tynes resulting in shallow incorporation.
The pulse-cereal treatment was phase-replicated so that a pulse was present every season, thus requiring 2 plots in each block. The 2 pastures were initially a perennial grass (purple pigeon grass) and a pasture-legume mixture (lucerne and annual medic). As such, there was a total of 18 'cropping' plots and 2 'pasture' plots per block.
Purple pigeon grass was sown at 4 kg/ha on 5 March 1991 and the lucerne-medic ley was sown to a 'shotgun' mixture of Paraggio, Sephi and Snail medics and Trifecta, Hunterfield and Sequel lucerne planted at 6 kg/ha on 27 May 1991. Because of the very poor growth of the pasture legumes from 1991 to 1994, each pasture plot was split in January 1995. Half of the purple pigeon grass plot retained the purple pigeon grass and the other half was sown to a perennial legume (siratro cv. Aztec). In the original lucerne-annual medic plot, half was sown to an annual legume (Vigna trilobata) and the other half to a grass-legume mixture (siratro cv. Aztec and creeping blue grass). Pasture plots were slashed on a regular basis and the residues retained in situ (Armstrong et al. 1999b) . In accordance with district practice, no fertiliser was applied to the pasture plots other than an original application of P at 12 kg/ha.
Zero tillage practice was defined as weed control using herbicides [chiefly glyphosate; 2,4 D; and Starane (fluroxypyr)] applied from a vehicle-mounted boomspray, driven perpendicularly to the plots. Weed control in CT treatments was via chisel plough for the primary cultivation and a scarifier for the secondary cultivations, with diamond harrow attached for the last cultivation pre-plant. The number of mechanical workings varied with stubble load and soil roughness but was generally lower than 4 per fallow, in keeping with farmer practice at the time. Because of plot design and sprayer limitations, both CT and ZT plots needed to be sprayed simultaneously. CT plots were cultivated whenever ZT plots were sprayed or weed populations on CT plots were assessed to need control. Successful crops were sown over 4 seasons: wheat and chickpeas in 1991 and 1992 and sorghum and mungbean in 1996 and 1996-97 (subsequently designated as 1997). Cultivars and sowing dates are listed in Table 1 . Drought conditions from mid-1992 to early 1996 meant that no successful crop was grown during this period. Sorghum and mungbeans were sown in 1995 but were sprayed out after 6 weeks due to poor establishment resulting from insufficient soil moisture. In 1991, wheat and chickpeas were planted on 22.5-cm row spacings with fixed tynes but this gave inconsistent establishment, especially in ZT treatments. In 1992, a 27-cm row spacing was used with a parallelogram planting unit with narrow point planting tynes and twin inclined presswheels which resulted in improved establishment and trash flow capabilities. In 1996 and 1997, sorghum row spacing was 62.5 cm and mungbean 27 cm.
Soil sampling
Soils were sampled in selected treatments to determine selected chemical indices of soil fertility in March 1991 (pre-experiment) by taking at least 12 hand-driven soil cores (4.2 cm diameter cutting tip) per plot in the 0-5 cm layer and 10 cores in the 5-10 and 10-20 cm layers. In order to ensure good delineation of soil depths, this procedure was performed as soon as possible after a rainfall event had thoroughly wetted (but not saturated) the soil to below the depth of sampling. Soil organic C was measured for the 0-10 cm depth when soil had dried sufficiently to ensure that no mould-oil lubricant was necessary to prevent tube blockages. After collection in the field, samples were dried at <40°C, ground to <2 mm and analysed for total (Kjeldahl) N, organic carbon (C), DTPA-extractable Zn and copper (Cu), 0.5 mol/L NaHCO 3 -extractable phosphate, and 2 mol/L KCl-extractable nitrate. No attempt was made to remove fragments of organic matter such as roots before grinding. The soil sampling was repeated in September 1993 , May 1996 , April 1997 and December 1997 Soil water content was determined gravimetrically at planting, anthesis and grain maturity, and soil nitrate at sowing only for each crop sown. Four 3.75 cm diameter cores were collected from selected treatments (2 for soil water, 2 for soil NO 3 ). The soil profile was sampled in 10 cm increments to a depth of 30 cm and thereafter in 15 cm increments to decomposing basalt (about 70 cm). Soil NO 3 samples were dried at <40°C before grinding (<2 mm), whereas soil water samples were dried at 105°C. Plant-available water content (PAWC) of the soil was determined by converting gravimetric soil water concentrations to volumetric by adjusting for the bulk density measured at the upper storage limit (D. Yule pers. comm.) using a lower storage limit for each soil depth sampled. Bulk density was measured mid-way through the trial by irrigating several ponded areas in both ZT and CT treatments, and then taking a 100 mm diameter core after the soil had freely drained (i.e. upper storage limit). Bulk density measurements from the ZT treatment were used in calculations involving the pasture treatments. Lower storage limits were determined using repeated values determined at grain maturity. Estimates of lower storage limit ignored soil in the surface 0-20 cm, which was generally affected by air-drying (soil evaporation deficit).
Crop sampling
Crop dry weight at anthesis and crop dry weight and grain yield at grain maturity were measured by sampling 2 m 2 for all treatments in 1991 and 2.16 m 2 in 1992. In 1996 and 1997, dry matter and grain yields of the sorghum crops were determined by cutting 1.5 m lengths of 2 rows of sorghum in each plot (1.88 m 2 ). After drying at 60°C, the grain was threshed from the heads, grain and plant material were weighed, ground (<2 mm sieve) and retained for chemical analysis.
Crop water use efficiency (CWUE) for grain production was calculated as follows:
where G is grain yield (kg/ha), W P and W M are PAWC (mm) at planting and maturity, respectively, and R is the in-crop rainfall (1991 = 32; 1992 = 43; 1996 = 75; 1997 = 80 mm) . Rain just before harvest in 1997 was excluded as it would not have contributed to plant growth.
Chemical analysis
Soil nitrate concentration was determined by automated colorimetric analysis (Best 1976) following extraction in 2 mol/L KCl at a soil:extractant ratio of 1:10 (Bremner 1965a). The quantity of mineral N (kg/ha) was established by adjusting for bulk density measured in March 1994. Wheat grain and plant material were dried (60°C), ground and analysed for total N and P after Kjeldahl digestion (Bremner 1965b) . Grain protein was estimated by multiplying tissue N concentration by 5.7 (wheat) and 6.25 (sorghum). Soil organic C was measured using the Walkley-Black method adapted for spectrometric analysis (Sims and Haby 1971) and soil total N was determined by Kjeldahl digestion (Bremner 1965b) , steam distillation and autotitration. Microbial biomass N and C were measured using the fumigation-incubation method with a k c value of 0.41 and a k n value of (Jenkinson and Powlson 1976 , Anderson and Domsch 1978 , Jenkinson 1988 ). The unfumigated soil samples were used to determine aerobic mineralisable N (Dalal et al. 1994) .
Statistical analysis
These data were generally analysed by analysis of variance. Crop yield parameters, N uptake and CWUE treatments were analysed as a factorial with various combinations of fertiliser-pulse rotation treatments and the 2 tillage regimes.
For soil parameters (including PAWC), the analyses also included the pasture treatments. These data were analysed using a nested factorial so as to extract information on the fertiliser-pulse rotation by tillage factorial. Also, where appropriate, orthogonal contrasts were used to compare legume (annual and perennial) with grasses (purple pigeon grass and grass-legume mix) and to compare within legumes and grasses. Soil total N, organic C, Colwell extractable P and DTPA extractable Zn were also analysed by analysis of variance to compare the 4 pasture treatments with the control in both CT and ZT.
Mineral N in the soil profile (0-60 cm) at planting in 1991, 1992 and 1995-98 was subjected to repeated measures analysis using restricted maximum likelihood to model the variance-covariance structure in the data. A power (distance based) model with the city-block metric and allowing for heterogeneity among variances was found to suitably model the covariance structure. It also accounted for irregularly spaced measurements.
Pairwise comparisons of means were performed using the protected l.s.d. procedure at P = 0.05. Distributional assumptions for all analyses were assessed by inspection of residual and normal probability plots. There was no indication that any variables violated variance and/or normality assumptions.
Results

Crop production
The trial period (January 1991-December 1997) was characterised by drought from 1993 to 1996. Grain yields of the 4 successfully harvested crops strongly reflected the pattern of rainfall within the crop rather than the total amount of rain occurring in either the fallow or during crop growth.
In 1991, the winter crops (wheat and chickpeas) were sown on a full profile of soil water and a single event in July provided enough soil water to produce yields (1.57 t/ha over all treatments) approaching the district average. In 1992, there was significantly less soil water at sowing compared with the previous year and the lack of effective rainfall (events >20 mm) during the crop resulted in grain yields (1.05 t/ha) that were well below the district average. The 1996 sorghum crop, despite being sown into a full profile of soil water, yielded slightly below the district average of 1.8 t/ha (J. Kuskie pers. comm.), reflecting the lack of effective rainfall during the early growth stages. Good in-crop rainfall and a full profile of soil water at sowing ensured that the 1997 sorghum (2.9 t/ha) crop was above the long-term average.
No statistically significant (P>0.05) interactions between tillage practice and fertiliser-pulse rotation were observed for dry matter, grain yield, N uptake and grain protein (%) in any of the 4 successful cropping years. ZT practices resulted in more dry matter at flowering in 1992 and 1996 (data not shown) and at maturity in 1992 (Table 2) than CT, with no differences between tillage practices in the other years. Under ZT, grain yield was greater in 2 years (by 35% in wheat in 1992 and by 24% in sorghum in 1996), N uptake by the crop was greater in every crop grown, and grain protein levels superior in both wheat crops (1991 and 1992) , compared with crops grown with CT practices (Table 2) . Tillage practice, however, did not significantly (P>0.05) influence harvest index in any crop, although harvest index tended (P = 0.081) to be greater under ZT than CT for the 1996 sorghum crop (data not shown).
There were significant (P<0.05) yield responses to fertilisers in wheat in 1991 and in sorghum in 1997 when both N and P were added (Fig. 2) . However, there was no response when either P or N was added alone. Omitting Zn in the presence of N and P did not significantly (P>0.05) affect grain yield. The inclusion of a pulse in the rotation did not increase the grain yields of the following crop as much as adding N fertiliser. In 3 of the 4 crops harvested, grain protein content responded to applications of N, increasing with the level of N applied, regardless of whether P was added (Fig. 2) . Including a pulse in the rotation before each cereal crop significantly (P<0.05) increased grain protein in 2 of 3 unfertilised crops.
Soil mineral nitrogen
Tillage practice did not affect the amount of mineral N (NO 3 ) in the soil at planting in any year (data not shown). A significant (P<0.001) time by treatment (fertiliser-pulse) interaction was evident for mineral N. Table 3 presents generally having the highest and the grass pasture the lowest mineral N concentration. Mineral N in all cropping treatments increased to a maximum of 112 kg N/ha following the 1993-1994 long fallow and the subsequent failed crop in 1995, but reduced to concentrations (<19 kg N/ha) similar to 1992 following the successful 1996 and 1997 crops. Between 1995 and 1997, mineral N concentration tended to be highest in the P 12 N 50 and pulse-cereal rotation treatments. However, in 1998 mineral N in the perennial legume treatment had increased to concentrations similar to those in P 12 N 50 and the pulse-cereal rotation, which were all significantly higher than in cropping treatments where no N fertiliser was applied. The purple pigeon grass treatment resulted in a rapid decrease in mineral N from 1991 to 1992, and the concentration remained very low (<10 kg N/ha) for the remainder of the study.
Soil water
Even when the profile was almost full and crops were successfully planted (1991, 1992, 1996 and 1997) , PAWC across all treatments was low (<90 mm; Fig. 3 ). For all crops grown, water was low at anthesis, with PAWC averaging less than 25 mm (Fig. 3) . However, in both sorghum crops (1996 and 1997) significant rainfall occurred between anthesis and grain maturity. Although the timing of these rainfall events had little impact on final yields, they resulted in a significant amount of water remaining in the profile at harvest (Fig. 3) .
There was no significant (P>0.10) interaction between fertiliser application and tillage practice on PAWC at planting in any year from 1991 to 1998 (data not shown). Tillage practice affected PAWC at potential crop planting opportunities in only 2 years of the 8 measured where it was greater under CT than ZT by 24 mm in 1991 and 12 mm in 1998 (Fig. 4) . Fertiliser-pulse rotation did not significantly (P>0.05) influence PAWC at planting in all 4 years where a successful crop was grown (Fig. 3) . Also, PAWC at anthesis and grain maturity was not generally affected by tillage practice (data not shown) or fertiliser-pulse rotation (Fig. 3) . The exceptions were in the 1997 sorghum crop when PAWC was 5 mm higher under CT than ZT at grain maturity and at anthesis in the 1997 sorghum crop when PAWC was lower where a pulse had been previously planted in 1996 than with sorghum.
Crop water use efficiency
The effect of tillage practice and fertiliser application-rotation with a pulse on CWUE for grain production was generally minimal. In 1992, CWUE was higher (P<0.01) under ZT than CT, and CWUE of wheat following chickpea was lower than that of wheat on wheat (data not shown). In 1997, the CWUE of sorghum was lower in ZT than in CT when N supply was poor (control and P 12 N 0 ) but tended to be better in ZT than in CT when N nutrition was improved (P 12 N 50 and following a pulse).
Soil chemical fertility properties
At the commencement of the trial in 1991, soil chemical fertility measurements were made on selected treatments to confirm the uniformity of the site. Both soil organic C (average of 0.71 ± 0.007% in 0-10 cm) and total N (0.080 ± 0.002% in 0-5 cm) were low.
Neither tillage practice nor fertiliser-pulse rotation had any significant (P>0.05) effect on the amount of soil organic C in the topsoil in any year (data not shown). For soil total N, tillage practice had an inconsistent effect across all sampling times. Fertiliser-pulse rotation did not affect soil total N except in 1996, when it increased with the amount of N applied (data not shown).
In contrast, pasture treatments generally had a significant positive effect on all fertility parameters measured. By the end of the trial period (1997), pastures, and in particular the grass-legume mixture, had increased potentially mineralisable N, microbial biomass N and C (Fig. 5) , soil organic C (Fig. 6 ) and total N (Fig. 7) compared with the conventionally tilled cropping treatment. Although the increase in total N was most pronounced in the top 5 cm of soil, smaller but significant increases also occurred in the 5-10 and 10-20 cm layers. There was a strong trend for microbial biomass N and C and potentially mineralisable N to be greatest in the grass-legume mix. At the start of the trial in 1991, the soil had low concentrations of plant-available P (average across the site of 7.2 mg/kg in the top 10 cm) and marginal levels of Zn (average of 0.37 mg/kg in the top 10 cm). P was strongly stratified in the upper part of the soil profile (average of 8.7 mg/kg at 0-5 cm, decreasing to 1.9 mg/kg at 10-20 cm). Five applications (in 1991, 1992, 1995, 1996 and 1996-97) of P and Zn fertiliser during the trial increased these levels, especially in the 0-5 cm layer (average P of 22.6 mg/kg and Zn of 1.03 mg/kg for the cropping treatments where P and Zn were applied) at the time of sowing of the 1997 crop. Tillage practice did not influence the concentration of plantavailable P at sowing in 1997 but the concentration of Zn was greater in the ZT treatments than in the CT treatments.
Discussion
Zero tillage and stubble retention practices are viewed as an essential strategy for reducing soil erosion on the cracking clay soils of the northern grain belt of Australia (Freebairn and Wockner 1986; Carroll et al. 1997 ). In the current study, ZT provided no major benefits to soil water storage during the fallow (Fig. 4) , confirming the findings of Carroll et al. (1997) for a similar soil type. This contrasts with other studies on cracking clay soils in the grain belt of northern Australia including northern New South Wales (Holland and Felton 1989) , southern Queensland (Strong et al. 1996) and in the Dawson Callide region of central Queensland (Thomas et al. 1990a) where ZT practices improved soil water storage in the fallow, resulting in higher grain yields. In our study, there were long periods of drought interspersed by high-intensity rainstorms, but insufficient rainfall infiltrated in order to link the surface soil moisture with that in the subsoil, which remained moist below about 25 cm (zone below air-drying of surface soil). The most significant impact of ZT is through greater stubble loads remaining on the soil surface reducing runoff (and soil erosion) and resulting in increased opportunity for water infiltration (Carroll et al. 1997) . However, when stubble loads are low, as occurred during the drought-induced long fallow of 1992-96, there was a consistent trend for soil water storage to be higher under CT. During the 1992-96 fallow period, there appeared to be some advantage in using cultivation to increase surface roughness and cover the large cracks that developed in these cracking clays, as reflected in the trend for greater PAWC under CT from 1993 to 1995. Similarly, on the 2 occasions when there was a significant effect of tillage practice on PAWC at sowing (Fig. 4; 1991 and 1998) , CT was greater than ZT. In both of these cases, high-intensity rain (about 390 mm in 1991 and 344 mm in 1998) had fallen before the imposition of fallow tillage treatments when there was comparatively large amounts of standing stubble present (from wheat in 1990 and sorghum in 1997). However, this still does not explain why PAWC was higher in the CT than in the ZT treatments. Despite having similar, or significantly less soil water at sowing, ZT increased grain yield for 2 of 4 successfully grown crops (1992 and 1996) , with no detrimental effects on the other 2 crops (1991 and 1997). Thomas et al. (1990b) with sorghum and Lawrence et al. (1994) with wheat noted higher grain yields under ZT than CT, despite similar PAWC at sowing. In the current study, very dry conditions were experienced between sowing and anthesis for both of these crops (Fig. 1) , although significant rain fell after anthesis during the 1996 sorghum crop. Although tillage practice had no effect on harvest index of wheat in 1992, dry matter at both anthesis and grain maturity was greater under ZT than CT. Lawrence et al. (1994) attributed the consistently higher yield of wheat under ZT than under CT on a Sodosol in central Queensland to increased CWUE in the post-anthesis phase. They attributed the higher CWUE to better root growth, possibly reflecting the exploitation of root channels under ZT crops formed by soil fauna (Robertson 1990) . In a temperate crop such as wheat growing in subtropical sections of the northern Australian grain belt, where the time between anthesis and grain maturity is less than 2 months, 1991, 1992, 1995 (failed), 1996 and 1997, while those in 1993 and 1994 represent samples at key planting windows. The vertical line above a group of bars indicates the l.s.d. when differences were significant (P<0.05); n.s. denotes non-significant differences between treatments.
any increase in dry matter at flowering would be expected to translate to higher grain yield, especially in the absence of subsequent rain. The greater yield of ZT sorghum in 1996 was associated with significantly more dry matter at flowering (data not shown). Although there was no effect of tillage practice on total dry matter at maturity, harvest index tended to be greater under ZT and this may explain the higher grain yields. Consequently, in seasons where crops are able to translate higher dry matter to grain yields, such as occurs when there is adequate post-anthesis rainfall, ZT will offer potentially superior grain yields to CT.
Fertiliser response
Declining soil fertility, especially N, resulting from continuous cropping with little use of N fertiliser or legumes, is a major threat to high grain yields and quality throughout the northern cereal belt of Australia (Dalal and Mayer 1986) . Adding N fertiliser produced significant increases in grain yields in 2 of the 4 crops harvested and a trend to higher yields in a third, provided P was also applied. Responses to N were principally influenced by 2 factors, soil mineral N at sowing and in-crop rainfall. The only crop where fertiliser had no effect on grain yields was sorghum in 1996, where soil nitrate had risen to high concentrations (Table 3) following the drought-induced long fallow between 1992 and 1996. This effect was amplified by the lack of effective in-crop rainfall, confirming the general conclusion that timing, rather than the total amount of rainfall, is critical for sorghum yields and responsiveness to N in this environment (Armstrong et al. 1999c) . When soil nitrate concentrations were lower, such as in 1991 and 1997, there were yield responses to applied N. When seasonal conditions permit regular cropping (1/year), soil mineral N levels would remain low on these shallow open downs soils and it would be expected that responses to N fertiliser would occur regularly in this region. Zero tillage practices are generally associated with lower rates of N supply to crops (Robson and Taylor 1987) . In the current study, tillage practice did not significantly affect the amount of soil mineral N at the time of sowing of any crop or soil total N after 7 years. Previous studies in this region have also found that tillage practice had minimal impact on either soil total N (Standley et al. 1990) or soil mineral N availability (Armstrong et al. 1996) . However, despite the lack of effect on mineral N availability, crop N uptake (grain and stubble) was consistently greater under ZT. This suggests that either N mineralisation rates during crop growth were greater in ZT treatments or that N utilisation by the crop was more efficient. In the longer term, soil N supply would decrease if this trend continued in ZT plots, although this effect would be countered to some degree by the reduced erosion rates of nutrient-enriched topsoil associated with conservation tillage practices (White 1986) . The cause of the higher rates of N uptake in ZT treatments is unclear. Increased biological activity, especially that of earthworms, is frequently associated with reduced tillage (Robertson et al. 1994; Wilson-Rummenie et al. 1999) , and this may have enhanced mineralisation rates.
The effect of tillage practice on responsiveness to fertiliser has been inconsistent in central Queensland. Radford et al. (1995) found that the greater yield potential of wheat under ZT and reduced tillage practices resulting from improved soil water storage could only be achieved if adequate fertiliser (N, S and Zn) was supplied, whereas both Lawrence et al. (1994) and Armstrong et al. (1996) found that tillage practice had little effect on response to fertiliser. In this study, tillage practice had no effect on grain yield response to N fertiliser. This occurred despite the general low fertility of the soil used resulting from a long history (>40 years) of continuous cropping. The generally dry conditions experienced, especially by the 1992 wheat crop, probably overrode any potential for this interaction. However, grain protein was improved by ZT in both wheat crops and by application of N fertiliser in all crops except the 1996 sorghum that immediately followed the long fallow. W. Strong (pers. comm.) suggested that grain protein concentrations of less than 11.5% for wheat and 9.5% for sorghum are indicative of N deficiency and this is reflected in the grain protein concentrations of 8.5 and 9.6% for the 2 unfertilised wheat crops in 1991 and 1992, respectively, and 10.0% for the unfertilised sorghum crop in 1997. In contrast, grain protein of unfertilised sorghum in 1996 was 13.3% and neither fertiliser application nor tillage practice had any effect. Rotating with a pulse only increased grain protein in 1 of 3 crops (1997).
Chemical indices of soil fertility
KMnO 4 -oxidisable soil organic C is regarded as a key indicator of soil fertility (Hamblin 1992) , especially in areas such as central Queensland where there is no long history of stubble burning and therefore little unreactive charcoal present (Skjemstad et al. 1996) . Pulses, fertilisers and ZT practices provided little benefit to either soil organic C or total N, despite producing important short-term benefits such as increased grain yields and protein in crops. There has been a slow but growing realisation that soil fertility decline is having a negative impact on both grain yields and quality (protein) in this region. Drought-induced long fallows occur frequently in this region and the build up of mineral N during these periods provides sufficient N to supply several subsequent crops. However, a regular cycle of fallow-cropping will inevitably lead to a longer-term decline in soil fertility, unless suitable fertiliser or legume N is added to the system. Farmers are reluctant to use N fertilisers in this region because unreliable rainfall reduces the probability of obtaining an economic response for any one crop (Armstrong et al. 1996) . However, as the 1996 crop indicated, high concentrations of mineral N at sowing will also reduce the chances of a yield response to N fertilisers. Better targeting of N fertiliser applications may be achieved using deep-soil N testing, especially after a long fallow. There has been a long history of continuous cropping with little input of N (via fertilisers or via N 2 fixation) at this site. The significant response to N fertiliser application of the 1997 crop, only the second after a 4-year-long fallow, indicates that, similar to large sections of southern Queensland (Dalal and Mayer 1986) , soil fertility on these open downs soils has reached a point where most cereal crops will respond economically to low rates of N fertiliser. The likelihood of this response will increase as cropping frequency increases, especially at a frequency of 1 crop per year. Pasture leys were required to improve the long-term soil fertility, as indicated by changes in both moderately labile soil fertility parameters such as biomass N and C and the more stable soil fertility parameters of organic C and total N. Pasture treatments resulted in no significant change in soil organic C from the time when the trial commenced in 1991 until the sampling was conducted in 1996, compared with the cropping treatments. However, the pasture treatments established in early 1995, especially the grass-legume mix, which subsequently experienced comparatively good seasonal conditions compared with the start of the trial, had a marked effect on soil fertility parameters when sampled in late 1997. This contrasts with the performance of the lucerne sown in 1991, which had little effect on either soil total N or organic matter before the re-sowing of these plots with siratro, reflecting the extremely poor dry matter production of lucerne. This confirms other studies (Armstrong et al. 1999a (Armstrong et al. , 1999b , suggesting that this temperate perennial legume is poorly adapted to dryland conditions on the shallow cracking clays of central Queensland and has little potential to improve soil fertility. This contrasts with lucerne's performance in southern regions of the northern grains belt (Dalal et al. 1994; Holford and Crocker 1997) . Similarly to the annual pulses, chickpea and mungbean, the annual pasture legume Vigna produced high concentrations of mineral N but had little effect on increasing other soil fertility parameters, such as microbial biomass N and C and organic C. The greatest improvements in the long-term soil fertility parameters occurred in the perennial pastures. This rapid increase in organic C over 3 years was partly due to the system of retaining cut plant residues on the plots as well as the ability of the perennial species to respond to soil moisture availability over the entire year. Surprisingly, the pure grass pasture (purple pigeon grass) produced significant increases in soil total N as well as organic C. The increase in soil total N was unexpected as no N source, such as fertiliser, was added to these plots. Although soil mineral N concentrations, which were measured at the time of sowing of the crops, were consistently low throughout the trial period, potentially mineralisable N and microbial biomass N were relatively high compared with cropping treatments. One possible explanation is that the purple pigeon grass could have increased soil total N in the topsoil by severely depleting this element in the subsoil and then maintained an intrinsically tight recycling of N via biomass recycling in the topsoil. Alternatively, as there was always a vegetation cover on these plots, N-enriched soil may have been deposited onto these plots from adjacent plots during erosion events.
Conclusions
Grain growers in central Queensland are strongly encouraged to adopt ZT practices due to the beneficial environmental impact it has on reducing soil erosion. Our study demonstrated that ZT may also produce small economic benefits. Although ZT generally had no beneficial effect on soil water or mineral nitrogen in this study, it produced higher grain yields in 2 of 4 crops. The higher yields of ZT crops appeared due to other beneficial effects, such as improved soil physical conditions. Importantly, ZT practices facilitate the adoption of opportunity cropping, which increases the number of planting opportunities in an environment characterised by low and unreliable rainfall.
Soil mineral N concentration is generally low in the Central Highlands, reflecting long-term exploitation as a result of continuous cereal cropping with minimal replacement of exported nutrients, but this can be obscured by drought-induced long fallows when moderate to high concentration of mineral N can (temporarily) occur. For the relative prices of N fertilisers and returns from cereal crops applicable during the study period, N application was not economically feasible, especially on these shallow soils where the potential to store large quantities of soil water is limited. Hence, there is need for alternative strategies of maintaining soil N, such as the use of pasture-legume leys, although this strategy is not appropriate for all grain growers in the Central Highlands. The use of annual legumes, including the pulses, mungbeans or chickpeas, or annual pasture such as Vigna can temporarily improve soil N status, and thus grain yields and protein of subsequent cereal crops, but will have minimal long-term beneficial impact on soil fertility. Maximum long-term benefits to soil fertility require the use of perennial legume-grass mixes. As well as improving soil chemical fertility, pastures also provide a valuable resource in mixed enterprises when drought prevents cropping. Drought-induced long fallows can result in significant accumulation of soil mineral N, which can supply the N requirements of several subsequent crops. So, in addition to the economic hardships created, drought also tends to (temporarily) mask the progressive decline occurring in soil fertility levels in this region, creating further complacency by farmers about this issue.
